Animals and humans rapidly develop respiratory failure and die within a few days when exposed to 100% oxygen. Postmortem examination of the lungs shows histopathologic features characteristic of diffuse alveolar damage, clinically recognized as adult respiratory distress syndrome (ARDS). At the present time, there is no effective therapy available to alter outcomes in ARDS. Importantly, hypomagnesemia also is frequently observed in critically ill patients at risk of developing ARDS. In a model of hyperoxic lung injury, rats were exposed to 100% oxygen for 48, 64, and 96 hr and several experiments were performed. First, changes in the features of bronchoalveolar lavage and in alveolar macrophage function were compared in rats exposed to room air and those exposed to hyperoxia. Second, we studied the effect of hypomagnesemia on the severity of hyperoxic lung injury. Third, we evaluated the pulmonary responses to high-dose and normal-dose Mg therapy in rats exposed to hyperoxia. In all groups, hyperoxia induced significant changes in the total and differential cell counts with increased lipid peroxidation of lavaged cells, enhanced chemiluminescence from alveolar macrophages, and protein leakage into the alveolar spaces. After 48 hr of hyperoxia, oxygen-free radical formation and hydrogen peroxide production by the alveolar macrophage were diminished compared to baseline, implying a toxic effect of hyperoxia on the alveolar macrophages. Overall, hypomagnesemia tended to magnify the degree of hyperoxic lung injury, while high-dose Mg therapy tended to attenuate the effects of hyperoxia. In conclusion, in this animal model of diffuse alveolar damage, alterations in host serum magnesium levels may modulate the degree of lung damage. -Environ Health Perspect 102(Suppl 10): 101-105 (1994) 
Introduction
Many clinical conditions, including septic shock and sepsis syndrome, lung contusion, skeleton fractures with fat emboli, bacterial lipopolysaccharide release, acute pancreatitis, gastric aspiration, and inhalation of toxic gases such as nitric oxide and ozone, are associated with acute lung injury or adult respiratory distress syndrome (ARDS). The clinical and histopathologic changes of lung injury produced by these agents are indistinguishable from the changes seen in hyperoxic lung injury. Excessive pulmonary exposure to these oxidant gases results in peroxidative damage to pulmonary membranes with biochemical and metabolic changes in lung tissue (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . In humans, the histologic features of these injuries are described as diffuse alveolar damage, and the resultant clinical presentation of hypoxemia, increased physiologic shunt, and diminished pulmonary compliance are associated with such injuries and are known as adult respiratory distress syndrome. In the animal model of acute inhalation injury of interest in this report, exposure of rats to high doses of oxygen for an extended time induces diffuse alveolar damage reflective of the histologic findings of ARDS. Despite recent progress in understanding the pathophysiology of ARDS (11) (12) (13) , effective therapy remains elusive (1, 2, 13) .
Magnesium (Mg) plays an important role in various metabolic processes such as oxidative phosphorylation and cellular enzymatic reactions. Magnesium deficiency (MgL) is frequently observed in intensive care unit patients and can be associated with important and potentially life-threatening adverse reactions, including cardiac arrhythmias and insufficiency, muscle weakness, and seizures (14, 15 (19) . Total cell count was 15.8 x 10 6 per control rat versus 12.3 x 106 per hyperoxic-exposed rat, a decrease of 20% following hyperoxic exposure. In the control rats, 86% of the BAL cells were AM, 6% were red blood cells, 5% were neutrophils, and 2% were lymphocytes. In the hyperoxic-exposed animals, 40% were AM, 31% were red blood cells, 12% were neutrophils, and 15% were lymphocytes. AM viability was reduced by 12% (from 92 to 80%) after hyperoxia. Oxidant-induced lung injury resulted in a significant elevation (from 0.29 ± 0.03 -1.67 ± 0.54 mg/ml) in the protein content of the acellular lavage fluid. In contrast, no significant change in lavage phospholipid content was seen. There was no significant effect on cell spreading, measured as the circumference ofAM adhering to cover slips, attributable to hyperoxia.
We studied the alteration in AM function due to oxidant injury by measuring H202 release, oxygen-FR production, and CL generation (19) . The resting release of H202 from AM was unaffected by hyperoxia; however, the ability of AM to secrete H202 in response to unopsonized zymosan significantly decreased by 41%. Similarly, the production of oxygen FR by zymosanstimulated AM decreased 53% after oxygen exposure. Because the decrease in reactive oxygen species far exceeded the decrease in AM viability, cell death cannot account for this decrease in macrophage function.
Resting CL from AM was unchanged, yet oxygen-exposed AM generated 540% more CL in response to zymosan than controls, even though H202 on FR production decreases. This discrepancy is not the result of a decrease in cellular antioxidants, since the levels of cellular reduced and oxidized glutathione were unaffected by hyperoxia. This may not be totally unexpected, since upregulation of antioxidant systems has been known to occur after oxidant exposure.
Activation of cyclooxygenase and lipoxygenase products of AA metabolism has been demonstrated in ozone-exposed AM (21) . AA metabolites can generate CL (22) . To determine if this was the source of the enhanced CL, the BAL cells were treated with SOD, catalase, indomethacin, or A63162 to block superoxide-, H202-, cyclooxygenase-, or lipoxygenase-based CL, respectively. Inhibitors of lipoxygenase or cyclooxygenase were not more effective in depressing CL after hyperoxia, while the effectiveness of SOD or catalase did not decrease after oxygen exposure. Therefore, a shift from oxygen-based to arachidonic acid-based reactive species cannot explain the increase in CL after hyperoxia. It is possible that the elevated levels of CL after oxygen exposure resulted from enhanced cellular lipid peroxidation (23 Eight rats were exposed to 100% 02 for 48 hr and eight served as controls on RA. In addition, five rats on a normal diet (Mg = 400 mcg/g) were exposed to 100% 02 for 48 hr and five served as controls on RA. All animals survived 48 hr of hyperoxia. Serum Mg levels were monitored at the start and at the time of sacrifice. BAL assessment was carried out at the time of sacrifice (24).
The mean serum Mg level in the MgL diet group was 0.6 mEq/l (range 0.4-0.7 mEq/l) compared to a mean of 1.7 mEq/l (range 1.1-2.1 mEq/l) in the group of rats ingesting a regular diet.
Results from RA-exposed rats with normal serum Mg level were compared to RAexposed rats with MgL serum level. BAL comparison showed no significant changes in total or differential cell count, protein content, CL, or cell viability.
BAL features of hyperoxic and RA rats with normal serum Mg level were compared. Statistically significant (p< 0.05) changes in the differential cell count (increased RBC and lymphocytes) occurred after hyperoxia. In addition, elevated protein and CL were noted in the hyperoxic rats.
BAL features of hyperoxic rats with MgL and normal Mg level were compared. Hypomagnesemia significantly increased protein levels in the BAL of hyperoxic rats. Compared to hyperoxic normal Mg rats, AM and total cells were decreased by 48 and 42%, respectively, in the hyperoxic MgL group. The increase in CL from the RA baseline was also maximal, 530% Thirty-four rats weighing 400 ± 15 g were divided into three groups. Eighteen rats in the control group (C) received no MgSO4 supplementation. Sixteen rats were further divided into two groups and given MgSO4 subcutaneously in a dosing regimen aimed at maintaining plasma Mg levels between 4 and 6 mEq/l. Eight rats received Environmental Health Perspectives low-dose (LD) MgSO4 (1.6-3.6 mEq/day) supplementation and eight received highdose (HD) MgSO4 (7.2-9.6 mEq/day). The total dose varied from 18 to 24 mEq/kg/day. Each rat had a catheter placed in the femoral artery to allow for sampling of blood for the measurement of plasma Mg levels. Rats were then exposed to 100% 02; after death the lungs were removed for histopathologic examination and a quantitative lung injury score was made based on the severity of damage. Each specimen was graded from 0 to 4 on a severity grading scale: 0 = none, 1 = minimal, 2 = mild, 3 = moderate, or 4 = severe lung damage. The lung damage scores were expressed as the mean ± SEM and compared by analysis of variance. The results were considered significantly different at p< 0.05. Duncan's multiple range test was also used to identify differences among groups. For the in vitro experiment, a solution of sodium arachidonate in a concentration of 2.0 mEq/l was mixed with MgSO4 in concentrations of 0.5, 1.0, and 2.0 mEq/l. Turbidity was assessed by visual inspection.
In rats receiving the LD Mg supplementation, the mean plasma peak Mg level (4.5 mEq/l) was in the desired range (4-6 mEq/l), but the mean plasma trough level (1.6 mEq/l) fell far below the desired range. In this group, the doses of Mg supplementation were small and infrequent, delivered every 8 to 12 hr. The mean plasma peak Mg (5.3 mEq/l) and trough (3.5 mEq/l) levels in the HD group were in the desirable range.
The pulmonary histology showed Mg dose-dependent changes of diffuse alveolar damage (20) . Prolonged hyperoxic exposure resulted in extensive morphologic lung damage (Figure 1 ) in the C group (mean score 3.38) and considerably less damage in the HD group (mean score 1.57) ( Figure  2 ). The histopathology score for the HD group indicates better preservation of lung compared to the C group (p= 0.0008). The LD group had a mean score of 2.75, between HD and C. This intermediate value in the group receiving intermediate doses of Mg supplementation validates our approach and adds significance to the pathology scoring.
In an accompanying in vitro study, a very opaque solution formed with the 2 mEq/l MgSO4. This was less marked when the 1 mEq/l MgSO4 solution was added. No turbidity was seen with 0.5 mEq/l solution.
Discussion
These investigations describe changes in the BAL cellular and supernatant response, as well as histologic alterations resulting from hyperoxic exposure of rats. Hyperoxia resulted in an increase in the number of neutrophils, red blood cells, and lymphocytes. The amount of protein in the alveolar space was also increased. In contrast, the number of recoverable alveolar macrophages decreased. Histologically, these features correlated well with the histologic features of diffuse alveolar damage. Tsan et al. (25) reported similar shifts in lavagate cell differential counts after a 55-hr exposure of rats to 100% oxygen. Likewise, rats exposed to 1 to 2 ppm ozone for 4 to 8 hr showed an increased number of lavagable neutrophils and a decreased number of AM (26, 27) . In these reports, as well as in our own work, the decreased AM yield is likely the result of a toxic gas 
